The mode shapes of the new design were investigated theoretically using the finite element software COMSOL Multiphysics and experimentally using a Polytec PSV-300-F Laser Doppler Vibrometry (LDV) with a close-up scanning head unit. The simulations were created using an acoustic-structure interaction model, evaluating both the mechanical resonance eigenfrequencies of the design and the frequency and angular response to a plane-wave sound incident on the device. In both cases the simulation included the microphone and its 5.5mm x 5.5mm MEMS die.
The experimental setup included a loudspeaker (ESS Heil Air-motion Transformer) driven by a chirp signal with a bandwidth of 15 kHz. It was placed 1 metre away from the centre of the microphone to produce a vertical sound wave incident on the front surface of the die. a Figure 3 shows that all four resonance frequencies determined by the LDV are closely matched with the simulations and are located below 15 kHz. The outer frame provides the first rocking mode and the first bending mode while the inner plate is responsible for the second rocking mode and second bending mode. The resonances are also shown in Figure 4 . Good agreement of the mechanical sensitivity between the simulations and measurements reveals that the mechanical performance of the manufactured device conforms to expectation. As is shown in Figure 4 , the measured mechanical sensitivity of the larger wing of the outer frame is 3.17 μm/Pa and 1.07 μm/Pa at 2362Hz and 4884 Hz, respectively, while the sensitivity of the larger wing of the inner plate is 1.03 μm/Pa and 2.76 μm/Pa at 7972 Hz and 11028 Hz respectively. The simulation and measurement overlap has only a slight discrepancy at the 2 nd resonance due to a none convergent finite element simulation at the exact resonance frequency. As the device has very low damping, most of the measurement noise at low frequencies is background noise.
The combination of the electrical signals from the outer frame and inner plate pick up all four frequency bands. The acoustic sensitivity of the first two frequencies is around 5.4 mV/Pa and 14.8 mV/Pa, with the third and fourth frequency having a sensitivity of around 19.7 mV/Pa and 16.8 mV/Pa. Figure 6 shows the acoustic sensitivity spectrum obtained from the terminals corresponding to the larger wings of each rotation section. Figure 7 presents the measured normalized voltage outputs from the outer frame and the inner angle with varying sound incident angle. The finite element analysis described earlier was also applied for varying sound incident angles. Both the simulation and experimental measurement show that the new device has a bi-directional pattern in all frequency bands. However, while the simulation shows an ideal figure-8 pattern, the experimental results show a reduced sound response at the back of the device. Its behavior is a hyper-cardioid at all four resonance frequency, especially at the 1 st , 2 nd and the 4 th resonance. The reduced backside response potentially originates from the sound energy reduction at the backside of the chip due to sound reflection and diffraction occurring in the hole of the PCB. Therefore, the pressure gradient between the two surfaces of the device is smaller when the rear surface faces to the speaker than the front surface does.
